Strong-field ionization of benzene, fluorobenzene, benzonitrile and 1-chloro-2-fluorobenzene is studied within the framework of real-space and real-time time-dependent density functional theory. Analysis of the ionization rates as a function of the molecule orientation reveals a significant multielectron contribution from inner Kohn-Sham orbitals that depends on the electronic structure and on the orbital symmetries of the molecule, as well as on the polarization and intensity of the external laser field. Calculated photoelectron angular distributions at different molecular orientations and in response to laser fields with different degrees of ellipticity further demonstrate the spatial dependency of the orbital ionization rates.
I. INTRODUCTION
The nonlinear optical response of polyatomic molecules to strong laser fields has been the subject of extensive research in recent years [1] [2] [3] [4] [5] [6] . The interaction between a short and strong laser field and a molecule excites the highest electrons and induces ionization in the direction of the laser polarization. This process is more efficient if the molecules are pre-aligned, and depends on the symmetry properties of the ionized electronic orbitals and on the relative molecular orientation with respect to the laser polarization [3, 4] . Furthermore, in comparison to atoms, the extra degrees of freedoms of the molecule result in contributions from multiple correlated ionization channels [6] . Typically, the total electron ionization is measured at different molecular orientations [7] . In addition, the photoelectron angular distributions (PAD) provide information on the emission direction of the electrons. The PAD spatial dependence further demonstrates the symmetry properties of the electronic orbitals and their relative contributions to the total molecular ionization [2, 4] . For non-linearly polarized laser fields, the interaction of the ionized electrons with the nucleus is significantly minimized. This facilitates the reconstruction of the outer-most molecular orbital structure [8] .
Benzene is a planar symmetric-top structure, which is characterized by the D 6h point symmetry group [9] . In substituted benzene molecules, one or more of the hydrogen atoms are replaced by another ion or functional group, e.g. fluoride, chlorine or carbon-nitrogen, resulting in an asymmetric-top structure with point-group symmetry that is either C 2ν (fluorobenzene, benzonitrile) or reduced to C s only (1-chloro-2-fluorobenzene) [4, [9] [10] [11] . This structural change results in a different electronic configuration, deformation of the benzene ring and redistribution of the electronic charge within the occupied orbitals [9, 10] . This alters the symmetry properties of the molecular orbitals, which can have a pro- * yahel@eng.tau.ac.il † The Sackler Center for Computational Molecular and Materials Science, Tel-Aviv University, Tel-Aviv 69978, Israel; Corresponding Author: amirnatan@post.tau.ac.il found effect on their ionization dynamics [12] . The influence of the electronic structure on the ionization properties of substituted benzene was mostly studied based on simplifications of the time-dependent Schrödinger equation (TDSE) or on approximated analytical methods, in order to calculate the orientation-dependent ionization rates and PADs [2-4, 10, 13] . These calculations demonstrate that in order to properly determine the ionization properties of substituted benzene, it is important to take into account the Stark shift due to the interaction of the laser field with the permanent and induced dipole moment contributions [2, 4] . We note, however, that in these studies, either only the highest-occupied molecular orbital (HOMO) is assumed to contribute to the ionization channels, or the contributions from multiple orbitals is added incoherently, i.e. neglecting all-important electron correlation effects [6] . On the other hand, multielectron effects are expected to be significant for benzene derivatives, due to the relatively high-level density of the molecular orbitals [14] . Computational methods based on real-time, time-dependent density-functional theory (RT-TDDFT) make it possible to properly account for the exchange and correlation of inner-shell valence electrons and their contribution to the ionization process [15] . This approach was employed to study the ionization rates in benzene and the orientation-dependent contribution of degenerate HOMOs [14, 16, 17] . Our goal in this work is to further examine the dependency of the ionization rates on the relative orientation between the molecular axes and the laser polarization for different laser intensities. We also aim to study the effect of laser polarization and ellipticity on the angular ionization pattern, in both symmetric and asymmetric benzene derivatives. In particular, we wish to analyze the contributions of inner-shell valence molecular orbitals to the total molecular ionization, and the effect of the breakdown of orbital symmetry. We base our calculations on the Bayreuth version of the PARSEC code [18, 19] , which is efficiently parallelized using sub-domain decomposition methods [20, 21] . This approach facilitates an efficient representation of both localized and delocalized continuum states on a real-space grid, and is well suited for strong-field physics [19] . We limit our analysis to femtosecond laser pulses with a few optical cycles and to the Born-Oppenheimer approximation. In addition, we assume that the atoms are confined to their positions. Our results demonstrate strong ionization asymmetries, depending on the external laser ellipticity and on the dipole of the molecule, as well as significant contributions from inner-shell valence orbitals, at certain laser polarizations and strong-enough intensities.
This work is organized as follows. In Sec. II, we review the theoretical framework for the TDDFT calculations and state our basic assumptions. In Sec. III, we present the ground-state configurations of selected molecular orbitals that are important for the understanding of the ionization dynamics, and discuss a few examples of numerical calculations of the ionization rates and photoelectron angular distributions. To this end, we consider benzene, fluorobenzene, benzonitrile and 1-chloro-2-fluorobenzene molecules, in which the substituted benzene functional group results in somewhat different electronic structure, orbital symmetry, permanent electronic dipole and polarization properties. In particular, we study the effects of the fixed-in-space molecular orientation, laser polarization, ellipticity and intensity on the calculated orbital and total ionization yields, as well as on the angular ionization distribution pattern. Finally, in Sec IV, we provide some concluding remarks.
II. COMPUTATIONAL METHOD
We model the electronic response of a molecule to strongfield laser interaction within the framework of real-space and real-time propagation TDDFT. Here, we shortly review the formalism for completeness. It is assumed that only valence electrons contribute significantly to the excited molecule charge density, and that the external field has a short time duration and weak enough intensity to justify neglecting molecular dynamics and double ionization effects [22] . Employing the ground state Hamiltonian,Ĥ 0 , the Kohn-Sham (KS) equation for the k-th state orbital, ϕ k ( r), is given as,
Here, atomic units are used throughout and ρ(r) = 2
Ne k=1 |ϕ k (r)| 2 is the electronic density of N e non-spin polarized electronic states with energy k . Other terms in (1) are the Hartree potential, ν H [ρ(r)] = ρ(r )/|r − r |dr , and the exchange-correlation potential approximation, ν xc [23] . The ionic pseudopotentialν ps,a for an atom a at fixed position R a is calculated using norm conserving pseudopotentials and the Kleinman-Bylander projection for the non-local part [24, 25] . In the real-space representation, the orbitals are sampled on a uniform grid and the differential operator in (1) is replaced by its highorder finite difference equivalent form [20] . In the timedependent calculations, one starts from the ground-state electronic density and solves the multielectron response to an external electro-magnetic field according to the system Hamiltonian,Ĥ[ρ, r, t] =Ĥ 0 [ρ(r, t), R a ] +Ĥ ext , whereĤ ext is the external-field Hamiltonian. That is, the density ρ(r) is replaced with the time-dependent density ρ(r, t), and this immediately affects the terms ν H and ν xc , where for the latter we use the adiabatic approximation [19] . The propagated orbitals satisfy the time-dependent KS equations [26] ,
The real-time TDDFT solution of (2) in the strong-field regime is carried out without linearization, and it is composed of two steps. First, the ground-state KS orbitals of the molecule are calculated self-consistently within the framework of time-independent DFT, without applying an external field. The static solutions are then used as initial conditions for the subsequent time-dependent solution, i.e. ϕ k (r, t = 0). In this step, we switch on the laser adiabatically and propagate the KS orbitals explicitly in real time, under strong-field conditions. For the propagation scheme we employ a 4 th -order Taylor expansion for approximating the propagatorÛ (t, t + ∆t), between time t and t + ∆t, i.e. [19] :
In this explicit approach, one assumes that the Hamiltonian is approximately time-independent for a short enough integration time of ∆t, and it is calculated at the mid-point of the integration interval, i.e.Ĥ(r, t+∆t/2) 1/2 × [Ĥ(r, t) +Ĥ(r, t + ∆t)] [19] . The orbitals are integrated in time using a predictor-corrector scheme that is typically satisfied with a single iteration. While this method is not strictly mathematically accurate, it was shown to conserve the orbital norms to a good level of approximation [27] . In this scheme, all the occupied valence orbitals are propagated in time. This essentially provides the multielectron response of the molecule to the external laser field, including the screening effect beyond the single-active electron approximation. Furthermore, the KS equations automatically account for the orientation-dependent Stark shift effect on the propagating orbitals that must be taken into account for attaining an accurate description of the ionization process in molecules with large static dipole moments and polarizabilities [28, 29] . We restrict our calculations to a spherical domain that is big enough to accommodate the time-dependent electronic orbitals under the effect of the external field, and enables convergence of the static solutions in the initial step. Furthermore, in order to mimic outgoing boundary conditions and prevent nonphysical reflections of the ionized electronic density from the domain boundaries, we employ an absorbing layer near the surface of the computational edge. This condition is realized by multiplying the propagating orbitals within this layer with a mask function [30] . Furthermore, the adiabatic elimination of orbital occupation at the boundary layer provides a measure for the unbound states that propagate away from the molecule during the ionization process. Accordingly, we define the total ionization probability as P (t) ≡ 1 − Πk [1 − P k (t)], where P k (t) = 1 − N k (t) is the k's orbital ionization probability and N k (t) = ϕ * k (r, t)ϕ k (r, t)d 3 r accounts for the residual orbital normalization that decreases in time due to the absorbing boundary conditions [12] .
The choice of exchange-correlation potential, ν xc , can dramatically affect the results. Specifically, the local density approximation (LDA) might not be accurate due to the self-interaction error that also results in a wrong asymptotic tail behaviour of the potential as r → ∞. This effect results in lower ionization potential for the HOMO, and, therefore, in over-estimated ionization rates [14] . Thus, care should be taken in the choice of functional in order that the results will be commensurate with experimental measurements, in particular for the vertical ionization potential [31] . In this work we employ a modified form of the long-range asymptoticallycorrected Leeuwen-Baerends (LB) exchange-correlation functional, which properly accounts for the tail of the effective potential away from the ions [32] . This approach was recently found to provide good results in predicting the ground-state energies and ionization response of the HOMO, HOMO−1 and HOMO−2 orbitals in simulations of diatomic and linear molecules [12, 15] . To this end, the system-dependent parameters α and β in the modified LB approximation are selected so that the absolute ground-state HOMO energy is in good agreement with the measured ionization potential [15] . In the case of benzene derivatives, we found the functional parameters α = 1.0 and β = 0.01 to be optimal.
We further assume the dipole approximation, as the dimensions of the molecule system are very small compared to the external field wavelength, and, hence, the spatial dependency of the field can be neglected. Under this condition, the perturbative part of the Hamiltonian that accounts for the external time-dependent laser field is given byĤ ext = E(t) · r in the length gauge [15, 16] . Here, the external time-dependent laser electric field E(t) is
where is an ellipticity parameter, w 0 is the carrier frequency and ν is the carrier envelope phase. Thus = 0 for a linearly polarized field, = ±1 for left (+) and right (-) circularly polarized fields, and intermediate values of represent general elliptic polarizations. The unit vectorsê i andê j correspond to orthogonal polarization directions in coordinate space. We assume a sine-squared pulse shape, so that the pulse envelope is given by
where T is the pulse duration, N is the number of optical cycles and E 0 is the peak field strength. We consider molecules with a planar-top geometry that are either rotationally symmetric (benzene) or asymmetric (fluorobenzene, benzonitrile and 1-chloro-2-fluorobenzene). We use a three-dimensional Cartesian grid and define the molecular (body-fixed) frame (x,y,z) so that the x and y axes originate from the center-of mass and lie in the molecular plane, as illustrated in Fig.  1 . Our convention is that the most-polarizable principle axis of the molecule is along the y direction, and that the head and tail of the molecule correspond to the positive and negative directions of that axis, respectively. For a fixed laser polarization, we compute the PADs from the TDDFT solutions, which makes it possible for us to visualize the angular differential ionization probability of electrons in the molecular frame [12, 33] . The orbital-dependent angular differential ionization probability through a solid angle dΩ = sin θ dθ dφ in direction r(φ, θ) is defined in terms of the flux flowing through the surface of a sphere of radius r 0 [12] :
and the total angular differential ionization probability through this sphere is given by the contribution of all orbitals, i.e. ∂P (t)/∂Ω = 1 − Πk(1 − ∂P k (t)/∂Ω). Here, Molecule and photoemission geometry that is assumed in this work. The principle axes are aligned along the fixed-body frame (x,y,z), where the direction y is along the most polarizable molecular axis and points towards the functional group. The angles θ and φ denote the spherical coordinates towards the directionr in space.
the polar angle θ is defined between the molecular z axis and the directionr, whereas φ is the azimuth angle between the molecular x axis and the projection ofr in the molecular plane.
III. RESULTS AND DISCUSSION

A. Ground-state Configurations
For each molecule, we performed a geometrical structure relaxation with LDA on a fine grid (∆x = ∆y = ∆z ∼ 0.2 a.u.), whereas all other calculations were done using the LB functional on a coarser grid (∼ 0.4 a.u.) that still provided satisfactory convergence of the orbital solutions. This choice of the functional approximation results in different absolute ionization yields compared to LDA; however, we found that it does not change the ground-state orbital ordering, and that a qualitatively similar response is achieved using both approximations for different functional group substitutions and molecular orientations. In most simulations we used a spherical domain with R ∼ 40 a.u. that was large enough to converge the ionization rates within ≈ 1% accuracy. A temporal resolution of 0.001 femto-seconds was found to ensure the stability of the propagated orbitals.
In Fig. 2 we examine the symmetry properties of the highest-occupied molecular orbitals of the benzene derivatives that are analyzed in this work. The highestoccupied molecular orbitals are anti-symmetric upon reflection in the molecular plane. For the symmetric-top benzene molecule, these orbitals are also either symmetric or anti-symmetric with respect to reflection in the xz and yz planes. Here, the HOMO is a two-fold degenerate π orbital, whereas the HOMO−1 is a doublydegenerate σ orbital [14] . The HOMO−2 is a π orbital with zero nodes, besides the one that lies in the molecular plane. Hence, the electronic charge distribution of benzene is symmetric with a zero permanent dipole moment. In the case of asymmetric top molecules, the substitution of the functional group breaks the orbital symmetries, which lifts the orbital degeneracy and leads to a non-zero permanent dipole moment [28] ; Table I summarizes the calculated static dipole moments, i.e. µ, of asymmetric-top benzene substitutes, along with their corresponding experimental values. The HOMO is characterized by a nodal surface that is approximately parallel to the xz plane, but is no longer anti-symmetric with respect to reflection in the xz plane, as part of the orbital density is localized on the substituted atom. In particular, in fluorobenzene the asymmetry in the electronic charge distribution along the principle y axis is relatively small, whereas in benzonitrile it is much enhanced, resulting in a larger net permanent dipole for this molecule. Furthermore, the HOMO of fluorobenzene is characterized by a similar ionization potential to that of benzene, whereas in benzonitrile the electronic reconfiguration results in a more strongly bound HOMO compared to the other benzene derivatives that we discuss in this work. The HOMO−1 of fluorobenzene and benzonitrile is anti-symmetric upon reflection in its yz nodal plane and symmetric upon reflection in the xz plane, whereas the next-order occupied orbitals are characterized by an asymmetrical distribution with respect to reflection in the xz plane. On the other hand, the case of 1-chloro-2-fluorobenzene is somewhat different, as both the HOMO and HOMO−1 orbitals are strictly anti-symmetric only with respect to the molecular plane. Nonetheless, these orbitals have nodal planes that are approximately parallel to the xz and yz planes, respectively [10] . Here, the molecular orbital density is partly localized at the sites of the substituted chlorine and fluoride atoms, and, hence, the direction of the net dipole is not effectively along one of the fixed-body axes. Figure 3 depicts the scaled ionization probabilities of a fixed-in-space benzene molecule, as a function of an orientation angle, which is conveniently defined as Θ ≡ 90 • −θ. We consider laser polarizations in the yz plane, i.e. in the directionr(φ = 90
• , Θ). The laser parameters are of a sine-squared pulse shape with a wavelength of λ = 800 nm, peak intensity of 1 × 10 14 W/cm 2 and duration of 10 optical cycles (i.e. ∼ 26.7 fsec). For convenience, we scale the ionization rates by the total ionization rate when the laser is linearly polarized parallel to the molecular plane, i.e. in the direction Θ = 0
• . We assume that the carrier envelope phase effects are small, and, hence, we may exploit the axial symmetry of the molecule in order to limit the ionization calculations to the range of Θ between 0
• and 90
• . Here, we consider eleven distinct orientations or a step size of 9 degrees (scattered circular points), whereas the solid lines are spline interpolated. In principle, the optical response depends on the ionization potential of the electronic orbitals (which is taken as the negative of the KS eigenvalues), and therefore the HOMO ionization is the strongest. The interaction of the applied electric field with the electronic charge distribution within each orbital is symmetry dependent, and the angle-dependent ionization rate reflects this property [38] . We note that the HOMO(II) orbital response is effectively suppressed when the laser polarization is paral- lel to the molecular plane, whereas this orbital response is equal to the HOMO(I) orbital when the laser polarization is perpendicular to the molecular plane (Θ = 90
• ), in agreement with previous TDDFT calculations [16] . That is, in the perpendicular configuration, the laser polarization is parallel to the nodal planes of both degenerate HOMOs, cf. Fig. 2 . The contribution from inner σ HOMO−1 orbitals is maximized when the laser polarization direction is along the molecular plane, in agreement with static DFT calculations [14] . However, for the laser intensity considered herein, the contribution of these inner orbitals is not significant, and the total ionization probability closely resembles the response of the HOMO, in particular at the larger orientation angles. The pattern of the orientation dependence resembles a center-fat propeller shape with a maximum response that is obtained at an angle of Θ 40
• , which is quite similar to the ionization response of other molecules with π HOMOs, e.g. CO 2 [12] . The total ionization yield is minimized when the laser polarization is perpendicular to the molecular plane [14] . We note that an essentially similar ionization dependency is obtained if the laser is linearly polarized along the xz plane, as the degenerate orbitals of benzene are symmetric with respect to an exchange of these axes. The breakdown of symmetry and the removal of degeneracy in substituted benzene molecules results in a different angular dependency of the highest-occupied molecular orbital ionization rates. This is illustrated in Fig. 4 that shows the scaled ionization response of the benzonitrile molecule as a function of the orientation angle in the case of a laser that is linearly polarized in the yz and xz planes, i.e. in the directionŝ r(φ = 90
, respectively. The data is scaled to the total ionization rate at the respective parallel orientation. The suppression ratio, defined as the ratio between the total ionization yield at the perpendicular and parallel orientations with respect to the molecular plane, is large compared to that of benzene. This effect is attributed to the smaller energy difference between the non-degenerate HOMO and HOMO−1, i.e. 0.28 eV, and to the larger net permanent dipole of benzonitrile. The ionization response tends to be stronger when the laser polarization is parallel to the molecular plane, and its dependency on the inner orbitals' contribution is far more significant compared to benzene. At small Θ 1 angles, the laser polarization is parallel to the nodal xy plane of the HOMO and HOMO-1 π molecular orbitals, and the HOMO is dominant due to its lower ionization potential. On the other hand, at small Θ 2 angles the laser polarization is parallel to the nodal xy and the xz planes of the HOMO, and symmetry considerations dictate that the inner orbital response is even stronger than the corresponding ionization of less-bounded orbitals, despite their lower ionization potential. This phenomenon has also been observed in diatomic systems [15] . We note that the ionization of the HOMO−4 orbital exceeds the contribution from other orbitals for a wide range of intermediate orientations, e.g. between Θ 2 15
• and almost Θ 2 70
• for laser polarizations in the xz plane. While the electronic energy of this inner orbital is approximately 2 eV below that of the HOMO, linear response analysis suggests that it might be strongly excited due to multiphoton resonance with one of the lower-order unoccupied molecular orbitals. Indeed, we found that this orbital ionization is suppressed if the incident laser wavelength is shifted from 800 nm. Furthermore, it is worth mentioning that the symmetry properties of this orbital are somewhat similar to those of the HOMO, e.g. both are anisotropic along Note that the calculated orbital ionization rates are multiplied by a factor of two and that the ionization rates are scaled to the respective rate at 0
• . The scattered rectangular points correspond to an experimental measurement of the total ionization rate [3] . the molecular axis and have a node on the xz plane, cf. Fig. 2 , and, therefore, orbital switching is more likely. Thus approximated models that include fewer high-order occupied orbitals are still able to demonstrate results that compare satisfactorily with experimental measurements, provided that the ionization response accounts for imperfect molecular alignment and orientation (head to tail direction) [2] [3] [4] . Here, we neglect such orientation effects, and, hence, our fixed-in-space calculations show a dip in the calculated total ionization rate at the perpendicular orientation, i.e. near Θ 1 90
• or Θ 2 90
• , which deviates from the experiment. At this orientation, the relative contribution of the HOMO−1 orbital to the ionization response is more significant, which is due to the suppression of HOMO and HOMO−4 ionizations at larger projections of the electric field onto the xz nodal surface. Furthermore, the σ HOMO−2 is also suppressed due to the presence of a nodal plane along the C-CN symmetry axis of the molecule.
In fluorobenzene, the energy difference between the HOMO and the HOMO−1, due to the removal of the degeneracy, is relatively small ( 0.36 eV). Thus, the overall ionization yield for a laser with intensity of 1 × 10
14
W/cm 2 is only slightly more suppressed compared to the case of benzene, and shows similar features to Fig. 3 . That is, the suppression of the HOMO near Θ 90
• is due to the laser polarization being approximately parallel to the nodal surface at xz, whereas the HOMO−1 is suppressed at Θ 0
• , where the polarization is parallel to the nodes along the molecular and yz planes, in agreement with Ref. [10] . Figure 5 shows the scaled ionization response of fluorobenzene for a laser with a higher peak intensity of 3×10 14 W/cm 2 , which is linearly polarized in the yz plane. Here, the orbital ionization of the HOMO is relatively flat at different molecular orientations, and it is surpassed by the response of the HOMO−1 orbital at Θ > 45
• . Furthermore, there is an orbital switching between the response of HOMO and the inner HOMO−4 orbital for a narrow range of intermediate laser orientations at around Θ 50
• . We also note that the σ orbital angular ionization response is less sensitive to the laser intensity.
In principle, the contribution of inner orbitals to the ionization yield becomes more significant on increasing the laser intensity, resulting in a lower suppression ratio and more isotropic total ionization yield. This is illustrated in Fig. 6 , where we show that the shape of the angle-dependent ionization pattern closely reflects the symmetry of the HOMO orbital for the weakest laser intensity, with the peak yield obtained here at an orientation angle of Θ 40
• . This result is in agreement with calculations that are based on the strong-field approximation, which only includes incoherent contributions from the HOMO and HOMO−1 [10] . However, the angular ionization response at higher intensities is flattened, showing lower dependency on the orientation angle. This Here, the data is scaled to the respective ionization rate at Θ = 0
• .
pattern is in agreement with the calculated ionization response of linear molecules [39] . We also found that there is an increase in the relative ionization yield at the perpendicular laser polarization (i.e. for Θ 90
• ) due to a more significant contribution from the HOMO−1 (cf. Fig. 5 ), and the maximum ionization yield shifts to lower orientations.
We conclude this section by considering the ionization response of the 1-chloro-2-fluorobenzene molecule. In Fig. 7 we depict the ionization as a function of the orientation angle Θ, for different linear laser polarizations. Due to the breakdown of the molecular axial symmetry, we consider the orientation angle Θ to be in the range of 0
• − 180 • . We note that, typically, the measured ionization rate under partial 1D alignment conditions corresponds to an average contribution from molecules with different relative orientations between the molecular plane and the laser polarization [3] . The minimum ionization yield is obtained at Θ 90
• , when the laser is linearly polarized in the yz plane, i.e. perpendicular to the molecular plane, cf. Fig. 7(a) . With the gradual rotation of the laser polarization plane towards the molecular plane, the ionization pattern becomes more flattened and the minimum yield is generally shifted towards smaller orientation angles, cf. Fig. 7(b-c) . When the plane of laser polarization is parallel to the molecular plane, the ionization yield is minimized at Θ 80
• , cf. Fig. 7(d) . At this geometry, the polarization vector is generally directed towards the chlorine atom, in agreement with previous results based on the molecular strong-field approximation [10] . The suppression ratio is somewhat larger in 1-chloro-2-fluorobenzene, compared to fluorobenzene, despite its having a larger difference between the HOMO and HOMO−1 energies, i.e. ∼ 0.49 eV. This effect is attributed to the contribution of the π orbitals that do not have their nodal planes exactly • , θ = 90
• , θ = 90 • ) and the fixed y-axis. The data is scaled to the respective ionization rate at Θ = 0
parallel to the molecular axes [10] .
C. Photoelectron Angular Distributions
In this section we consider PADs from substituted benzene molecules, calculated at the end of the laser pulse using Eq. 6, in order to find out how the ionization flux is distributed in space. The PAD plots show the total electron ionization probability on a unit surface sphere (normalized to r 0 ) as a function of the direction defined by the spherical coordinates (φ, θ), cf. Fig. 1 . We also consider the integrated PADs over the angle θ as a function of the azimuthal angle φ, which preserves the asymmetry features of the full PADs. In Fig. 8 we depict PAD plots from a benzene molecule, for different values of the orientation angle Θ and linear laser polarization in the yz plane, i.e. in the directionr(φ = 90
• and (c) Θ = 90
• . In these plots, the scale of the ionization flux is normalized to unity. The angular ionization flux distribution shows some characteristics that were also found in other molecules [12] . In particular, we found that the projected polar PADs for the parallel and intermediate orientations are somewhat similar, characterized by a narrow-center dumbbell shape that is somewhat thicker in the latter case, whereas the ionization probability is essentially circularly symmetric for the perpendicular orientation. That is, at the parallel orientation (Θ = 0
• ) the PAD shape is dominated by the contribution of the HOMO(I) orbital (cf. Fig. 3 ) and at the intermediate orientation (Θ = 45 • ), the PAD shows an asymmetric peak spot that nearly coincides with the laser polarization. Here, the very small PAD asymmetry is correlated with the initial sign of the electric field. On the other hand, the PAD for the perpendicular orientation (Θ = 90
• ) is almost free from such phase effects, and it forms a ring shape with a nodal point at its center. This shape is due to an equal contribution from the two degenerate and orthogonal π HOMOs at this orientation.
Next, we considered PADs from asymmetric-top molecules, where the existence of a non-negligible permanent net dipole is instrumental to the ionization dynamics [3, 4] . This is shown in Fig. 9 for fluorobenzene, where we observe a clear enhancement of the ionization flux from the tail of the molecule that is opposite to the fluoride atom, i.e. in the direction of the dipole moment. This enhancement is most significant when the laser is polarized along the direction of the dipole, but it is also apparent in the perpendicular polarization. We note that these PAD asymmetries are not removed by averaging of the carrier envelope phase contributions at different molecular orientations, but, rather, are related to anisotropies in the molecular orbitals distribution [28] . Figure 10 shows PADs for benzene, benzonitrile and 1-chloro-2-fluorobenzene molecules. Here, we studied the effect on the ionization response of laser fields with different degrees of ellipticity, which are polarized on a plane parallel to the body-fixed xz plane. In principle, the dynamic of electron ionization and, hence, the overall PAD structure, is largely dependent on the symmetry of the ground-state orbitals that contribute to the ionization process [13] . In this setup, the laser polarization (xz plane) is parallel to one of the nodal planes of the HOMO(I) orbital of benzene, whereas it is perpendicular to both nodal planes of the HOMO(II) orbital. Due to these considerations, the degenerate HOMO(II) orbital contributes most significantly to the ionization process, as is reflected by the distinguishable lobes that appear in the benzene PAD plots, c.f. Fig. 10(a) . In particular, the orbital structure is more apparent in the case of the circularly polarized laser ( = 1), whereas the ionization in the case of an ellipticly polarized laser ( = 1/2) shows contributions from both degenerate HOMOs. Here, the smaller ionization yield at θ = 90
• corresponds to the nodal surface of the HOMOs at the fixed-body molecular plane [40] . Furthermore, the apparent up-down asymmetry in the full PAD, i.e. with respect to this plane, is a consequence of the relative orientation between the molecular axes and the instantaneous polarization of the electric field at its maximum intensity, and, hence, it depends on the initial carrier envelope phase [2] . That is, if the helicity of the laser pulse polarization is reversed, i.e. for a right-circularly polarized pulse ( = −1), the up-down asymmetry at a given azimuthal angle is exchanged (not shown). This effect is expected to be small in the calculation of the total ionization rates, and it averages out as the number of optical cycles in the laser pulse is increased [28] . The ionization distribution is symmetric with respect to the center-of mass of the benzene molecule. This pattern is reflected in the integrated PADs: there is a notable transition from a circular towards a butterfly angular ionization distribution as the polarization of the laser is changed from linear ( = 0) to circular ( = 1). Similar symmetry arguments also hold for the π HOMO and HOMO−1 orbitals of benzonitrile. However, the ionization picture is somewhat complicated, compared to benzene, due to a more significant inner orbital contribution to the ionization yield. That is, we found that the calculated HOMO−4 contribution exceeds that of the HOMO and HOMO−1 orbitals, in the case of elliptically or circularly polarized laser pulses that have a polarization component along the x axis -in agreement with Fig. 4 (not shown). In total, there is an ionization enhancement at the tail of the molecule, cf. Fig.  10(b) . This feature is readily apparent in the asymmetrical shape of the respective integrated PADs. Furthermore, the asymmetrical nature of the HOMO electronic density in benzonitrile is apparent in the PADs, showing a small ionization enhancement towards the head of the molecule, anti-parallel to the direction of the permanent dipole moment (i.e. φ 90 • ). This feature is not dependent on the helicity of the laser field in the xz plane and it is more apparent in the case of a linearly , on a unit sphere of r0 10 a.u., for a laser pulse polarized on a plane that is parallel to the bodyfixed xz plane, with a peak intensity of 3 × 10 14 W/cm 2 , N=10 optical cycles, and different ellipticity parameters, = 1/2 (top row) and = 1 (middle row). The integrated PAD plots in the bottom row represent the normalized ionization flux as a function of the azimuthal angle φ. Here, the case = 0 corresponds to a linearly polarized laser along the z direction.
polarized laser pulse, where the HOMO contribution to the ionization yield is maximized. In the case of the 1-chloro-2-fluorobenzene molecule, the main contribution to the ionization yield is from the HOMO and HOMO−1 orbitals, which are both asymmetrical with respect to the transverse principle body-axes of the molecule, cf. Fig.  2 . Here, the corresponding PADs show some enhancement towards the direction of the chlorine atom, cf. Fig.  10(c) , which is more readily apparent in the case of a linear or elliptic laser polarization, in agreement with the results of Fig. 7 . Figure 11 shows normalized PADs for benzene, benzonitrile and 1-chloro-2-fluorobenzene molecules, in the case where the laser pulse is polarized on a plane parallel to the molecular plane. For this orientation, the common nodal plane of the π orbitals coincides with the plane of laser polarization, and thus the complexity of the ionization pattern is somewhat reduced. That is, the field does not have a component perpendicular to this nodal plane, and, therefore, the angular orbital ionization symmetry should be conserved [5] . In the case of benzene, the PADs are basically spatially symmetric and the ionization flux is enhanced at the molecule head and tails for linear and elliptic laser polarizations, i.e. = 0 and = 1/2, respectively, and at the symmetry points of the benzene ring for a circularly polarized laser pulse ( = 1), cf. Fig.  11(a) . This dependency is expected from the degenerate HOMOs' structure and their relative contributions to the ionization flux, see Fig. 3 . Here, the electronic density of the molecular orbitals is symmetric with respect to the principle axes, so there is little preference for the ionization from the head (φ < 180
• ) or tail (φ > 180 • ) sides of the molecule, except from a minor asymmetry that is related to the carrier envelope phase. On the other hand, the ionization of benzonitrile is dominated by contributions from its anisotropic orbitals, e.g. the HOMO and HOMO−4, and the full PADs clearly show an enhancement of the peak ionization flux at the head of the molecule, compared to the yield from its tail. That is, the ionization enhancement is anti-parallel to the direc-
11. Same as Figure. 10, but for a laser with a plane of polarization that is parallel to the body-fixed xy plane. Here, the case = 0 corresponds to a linearly polarized laser along the y axis.
tion pointed to by the permanent molecular dipole, cf. Fig. 11(b) . This feature is attributed to the interaction of the laser field with the inhomogeneous electronic charge distribution [4, 41] . The head and tail ionization asymmetry is present in the integrated PADs, which also show a sub-structure due to multi-electron contributions as the ellipticity of the laser pulse is increased. This is due to the absence of electronic charge on the xy nodal surface of the π orbitals in all benzene derivatives, i.e. at θ 90
• . We note that the measured electron momentum distribution normal to the molecular plane also shows similar sub-structures, and that such features were found to be strongly dependent on the degree of alignment in the molecular ensemble [2, 4] . The ionization enhancement at the head of the molecule is also apparent in the PADs of 1-chloro-2-fluorobenzene molecule. Here, the fixed-in-space PADs display a small tilt in the orientation of the ionization flux towards the chlorine atom (φ < 90
• ), which is a consequence of the asymmetrical orbital density redistribution due to the atom substitution, cf. Fig. 2 . That is, the ionization enhancement in the PADs results from both the strength and the direction of the permanent dipole moment of the molecule, as it alters the effective potential of the bound electrons [28] . It is also worth mentioning the small left-right asymmetry in the full PADs that is observed on the plane of the laser polarization, i.e. in the direction of the azimuthal angle φ. This feature is much weaker compared to the ionization enhancement due to the dipole-induced effect, and it is mainly dependent on the helicity of the laser pulse [3] .
IV. CONCLUSIONS
In this work we presented a detailed analysis of the orientation-dependent ionization response of benzene, benzonitrile, fluorobenzene and 1-chloro-2-fluorobenzene molecules using RT-TDDFT. Within this framework, our results take into account the multiple and correlated contributions of inner electronic orbitals to the ionization dynamics in response to an external laser field. Our calculations further extend previous works that were based on the molecular strong-field approximation or limited to the benzene molecule, by taking into account different laser ellipticities, intensity regimes and molecular orientations. We provide additional insights on the differences between the angular ionization distributions of benzene derivatives. The results presented herein can be readily extended to study the orientation dependence and the effect of symmetry breaking on the high-order harmonics generation spectrum of benzene derivatives.
We considered the detailed ionization response of the molecules in different orientations with respect to the laser plane of polarization, and for different laser intensities. The ionization response is related to the electronic structure of the molecule and to the symmetries of the molecular orbitals that contribute to the process. The differences in the ionization response are small in the cases of benzene and fluorobenzene molecules, which are characterized by significant contributions from the two highest-occupied molecular orbitals. The minor changes in the ionization pattern of these molecules is mainly related to the removal of HOMO degeneracy in fluorobenzene. On increasing the laser intensity, the contribution of inner orbitals becomes more significant, resulting in orbital switching at certain molecular orientations, and an alternation of the angular ionization pattern. On the other hand, the benzonitrile molecule is characterized by a larger permanent dipole moment, and the contribution of inner orbitals to the ionization response is enhanced due to resonance conditions at a laser wavelength of 800 nm. This enhancement is particularly strong if the laser is linearly polarized in a plane that is perpendicular to the C-CN symmetry axis of the molecule. We also found that the asymmetrical density distribution in the higher-occupied molecular orbitals of 1-chloro-2-fluorobenzene breaks the rotational symmetry of the ionization pattern, rendering the ionization response dependent on the orientation between the molecular and the laser polarization planes. Our results are in qualitative agreement with previous calculations that were based on molecular ionization theory and the strong-field approximation [10] .
We further analysed the PADs of polarizable fluorobenzene and neutral benzene in the molecular frame, and showed that the angular resolved ionization pattern reveals important differences that are absent from the full solid angle integrated ionization probabilities. In particular, we found that the ionization response to linear laser polarizations is strongly enhanced towards the tail of the fluorobenzene molecule in the direction of the molecular dipole, whereas it is essentially symmetric in benzene. This effect is most significant when the laser polarization is collinear with the most-polarizable molecular axis.
We also calculated the ionization response with different degrees of laser ellipticity in planes that are either parallel or perpendicular to the molecular plane. Here, we found that the up and down asymmetries in the PADs of asymmetric-top benzonitrile and 1-chloro-2-fluorobenzene molecules depend on the strength and direction of their permanent dipole moment. We note that the ionization asymmetries are dependent on the electronic structure: we found that in fluorobenzene the PAD is enhanced in alignment, whereas for the other asymmetric-top molecules the enhancement is in anti-alignment to the direction of the permanent molecular dipole. In the case of the symmetric-top benzene molecule the angular-resolved ionization response is symmetric. Our analysis is in qualitative agreement with experimental observations and calculations that are based on molecular ionization theory, for which integrated PADs were resolved for electrons with momentum components that are perpendicular to the molecular plane [4] . We note, however, that in order to compare more favourably with recent experiments, the fixed-in-space ionization response should be averaged over the temperature-dependent distribution of molecular orientations and should take into account the spatial intensity distribution at the laser beam focus [3] .
